The phase constitutions of Mg-Zn-Gd alloys in the Mg-rich corner were investigated using XRD, SEM and TEM. The effect of Zn/Gd ratio and content of Zn, Gd element on the phase constitutions of Mg-Zn-Gd alloys were studied. Formation range of I-phase in the Mg-Zn-Gd system in the Mg-rich corner has been confirmed using conventional cast process. I-phase could been formed for alloys in the range of Zn/Gd ratio from 1.5 to 40, or with Zn above 3 at.% under the condition of Zn/Gd ratio of 10 and 25.
Introduction
The low density of magnesium alloys has motivated the development of Mg components for automobiles, where weight reduction is needed to achieve high fuel efficiency. 1) Recently, a lot of studies have been carried out on the strengthening effects of the icosahedral quasicrystal phase (I-phase) in Mg-Zn-RE alloys, such as Mg-Zn-Y, 2, 3) Mg-Zn-Gd, 4, 5) and Mg-Zn-Ho 6) etc systems, using hot deformation process, i.e. hot rolling, 3) extrusion 2, 4) and severe hot rolling(SHR) 7) etc. These alloys show a good combination of strength and ductility due to the strong interface between the I-phase and the Mg-matrix, which coming from the high symmetry and the quasiperiodicity of the I-phase. 6) In order to fabricate the Mg alloy reinforced with I-phase, it is firstly crucial to explore the formation range of I-phase in one alloy system. In the present study, the formation range of I-phase of Mg-Zn-Gd system in Mgrich corner was investigated using conventional cast process. The effects of Zn/Gd ratio and content of Zn, Gd element on the phase constitutions of Mg-Zn-Gd alloys were studied. The I-phase of Mg-Zn-Gd alloys was characterized by XRD, SEM and TEM.
Experiment Procedures
Fifty Mg-Zn-Gd alloy samples within the range of 0.25-60 for Zn/Gd ratio, 0-10 at.% for Zn content and 0-2 at.% for Gd content, were prepared by melting mixtures of high purity Mg, Zn and Gd elements in the graphite crucible using high-frequency induction under protection of Ar gas, then cast into one steel mold with diameter size of 10 mm. The total mass of raw materials used in each run was 50 g. The microstructure and phase constitutions of Mg-Zn-Gd alloys were examined by SEM (JEM-6460), XRD (D8 Advance-Bruker) and TEM (JEM-2010). Fig. 1 . It exhibits that alloys with Zn/Gd ratio in the range of 0.25-1 consist of -Mg and W-phase which is one MgZnGd compound with f.c.c. structure. 8) However, the lattice parameter of W-phase is variable with the change of Zn/Gd ratio of alloy, since the peaks of XRD representing w-phase exhibit some degree shift for alloys with different Zn/Gd ratio. In the range of 1.5-6 for Zn/Gd ratio, I-phase was detected besides -Mg and W-phase, as shown in Fig. 1(a) . With further increasing Zn/Gd ratio, in the range of 10-40 for alloys with 5 at.% Zinc, as shown in Fig. 1(b) , Mg-Zn-Gd alloys consist of only two phases, -Mg and I-phase. Quasilattice parameter of I-phase in Mg-Zn-Gd alloys does not change with the alternation of Zn/Gd ratio of alloy, which can be calculated as a ¼ 0:520 nm using Elser's indexing method.
9) I-phase disappeared for alloys with Zn/Gd ratio above 60. Finally, the phase constitutions changed into two binary phase Mg 2 Zn 3 and Mg 7 Zn 3 in the condition of Mg-5 at.% Zn binary alloy, as shown in Fig. 1(b) . Figure 2 shows the SEM image of 1Zn-0.333Gd (Zn/Gd = 3) and 5Zn-0.287Gd (Zn/Gd = 18) alloys. The Mg-Zn-Gd alloys exhibit a typically dendritic microstructure, which is consistent with previous work.
4) It exhibits a larger amount of dendritic phase and more closed network microstructure for 5Zn-0.287Gd alloy due to its high content of Zn, as shown in Fig. 2(b) .
To further confirm the existence of the I-phase, TEM observation was carried out for the 5Zn-0.28Gd alloy (Zn/Gd = 18). Figure 3 shows the TEM image of the dendrite phase and its selected-area electron diffraction (SAD) Patterns. The diffraction patterns in Fig. 3(b) reveal a 5-fold symmetry which is typical icosahedral quasicrystalline structure. Through EDS analysis, a stoichiometric composition about Mg: 30 AE 1 at.%, Zn: 62 at.%, Gd: 8 AE 1 at.% has also been checked for I-phase in 5Zn-0.28Gd alloy. One slight deviation of reflections from the ideal icosaheral (a) (b) symmetric positions was also found in the SAD patterns, as shown in Fig. 3(b) , which is a common phenomenon for the as-cast quasicrystal alloys owing to linear phason strains during solidification.
10)
Tsai 11) and Niikura 12) have reported the stable I-phase in the Zn-Mg-RE system have an ideal composition close to Zn 50 Mg 42 RE 8 (RE = Y, Gd, Tb, Dy, Ho or Er) under annealing, the SAD patterns of which shown a perfect fivefold symmetry and no distortions due to linear phason strains. Liu 5) also has reported the nano icosahedral phase with composition of Zn 50 Mg 42 Gd 8 in the matrix of as-extruded Mg 95:9 Zn 3:5 Gd 0:6 alloy. However, the I-phase in the present study is not coincided with the ideal Zn 50 Mg 42 Gd 8 and does not show a perfect icosahedral symmetry. This could be resulted from the variation of solidification in this study. In the present study, the melt was poured into a permanent mold which provided comparatively faster cooling rates, and resulted in the formation of unequilibrium phase. Such as solidification without annealing for equilibration phase is a conventional method in preparation of Mg alloys.
The effect of Zn and Gd content on the formation of I-phase
The XRD analysis of Mg-Zn-Gd alloys with Zn content in the range of 0.5-10 at.% was shown in the Fig. 4 , under the condition of Zn/Gd ratio of 10 and 25. For alloys with Zn/Gd ratio of 10, as shown in the Fig. 4(a) , it exhibits that there exist only the single peaks representing -Mg for Mg-Zn-Gd alloy with 1 at.% Zn. In the range of 3-10 at.% Zn, the Iphase occurs in the Mg-Zn-Gd alloy. When increasing the Zn content to above 8 at.%, alloys exhibit some extra phases in addition to -Mg and I-phase, such as Mg 2 Zn 3 , Mg 7 Zn 3 and MgZnGd compounds, as shown in Fig. 4(a) . Similar trend was observed for Mg-Zn-Gd alloy in the condition of Zn/Gd ratio of 25, as shown in Fig. 4(b) .
It has been reported that the formation range of I-phase for Mg-Zn-Y system was about in the Zn/Y ratio range of 2-7 in weight percent, 13) corresponding to Zn/Y ratio 2.7-9.5 in atomic percent. While for Mg-Zn-Gd alloys in the present study, the I-phase can be formed in the range of Zn/Gd ratio range of 1.5-40 in atomic percent. It means Mg-Zn-Gd system has higher formability of I-phase as compared with Mg-Zn-Y system under the way of conventional cast. The Zn range for I-phase formation was further confirmed among 3-10 at.% in the condition of Zn/Gd ratio of 10 and 25. This provides one guideline for the preparation and application of Mg-Zn-Gd alloy strengthening with I-phase. As reported previously, the volume fraction of I-phase plays an important role in the mechanical properties of alloys, such as Mg-Zn-Y, 14) Mg-Zn-Ho. 6) Singh et al. 6) has reported that Mg-Zn-Ho alloy has different dominated strengthening mechanism varied with the content of I-phase, i.e. the effect of the grain size for alloy with low content of I-phase, while the effects due to I-phase for alloy with high content of I-phase. Therefore, Mg alloy with suitable mechanical properties can be fabricated through adjusting the volume fraction of I-phase, which can be obtained through changing the composition of alloys with I-phase in the Mg-Zn-Gd system. The further investigation is under way.
Conclusion
According to the complex analysis of XRD, SEM, TEM, the formation range of I-phase for Mg-Zn-Gd alloys in the Mg-rich corner was confirmed using conventional cast process. The Zn/Gd ratio and content of Zn play a significant role in the formation of I-phase in Mg-Zn-Gd system.
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